Four putative GH12 genes were found in the Fusarium graminearum genome. The corresponding proteins were expressed in Escherichia coli, purified, and evaluated. FGSG_05851 and FGSG_11037 displayed high activities towards xyloglucan (V max of 4 and 11 µmol/min, respectively), whereas FGSG_07892 and FGSG_16349 were much less active with this substrate (0.081 and 0.004 µmol/min, respectively). However, all four of these enzymes had a similar binding affinity for xyloglucan. Xyloglucan was the substrate preferred by FGSG_05851, in contrast to the three other enzymes, which preferred β-glucan or lichenan. Therefore, FGSG_05851 is a xyloglucan-specific glucanase (E.C. 3.2.1.151) rather than an endoglucanase (E.C. 3.2.1.4) with broad substrate specificity. FGSG_11037 displayed a peculiar behavior in that the xyloglucan binding was highly cooperative, with a Hill coefficient of 2.5. Finally, FGSG_05851 essentially degraded xyloglucan into hepta-, octa-, and nonasaccharides, whereas the three other enzymes yielded hepta-and octa-saccharides as well as larger molecules.
Xyloglucan is the main component of hemicellulose in the cell wall of dicots and several monocots. It is composed of a β-1,4 glucan backbone that is substituted in variable proportions by α-1,6 xylosyl residues. In addition, the xylosyl residues can be linked to galactosyl residues that can be substituted by fucosyl residues [13] . This structure contributes to the rigidity of the plant cell wall by crosslinking cellulose microfibrils [1] . Xyloglucans are considered to be storage polysaccharides that are broken down after seed germination.
Different glycosyl hydrolases (GH) from bacteria [7] and fungi [21] are able to degrade xyloglucan polysaccharide into hepta-, octa-, and nonasaccharides. According to the carbohydrate active enzyme classification (CAZy, http:// www.cazy.org/), many enzymes from several structural families display some activity toward xyloglucan. However, a distinction should be drawn among these as some enzymes are xyloglucan specific (E.C. 3.2.1.151); they have different mechanisms but greatly prefer xyloglucan as a substrate [9, 11, 14] . These enzymes belong to the GH5, 12, 16, 44, and 74 families. Moreover, there are many enzymes that are less specific glucanases (E.C. 3.2.1.4), for example, two endoglucanases from the fungus Chrysosporium lucknowense [3] , which prefer other substrates but will also degrade xyloglucan.
Many enzymes belong to the glycosyl hydrolase GH12 family and are used in industrial processes. Interest is growing in the application of these enzymes in the food industry, in textile processing, and in pharmaceutical endeavors, as mentioned in Goedegebuur et al. [8] and Master et al. [16] . Therefore, the study of these enzymes has important industrial implications.
Studies of the GH12 family of enzymes in the genus Fusarium are limited; only one endoglucanase from F. equiseti (Accession No. AAM77703.1) has been described in a study in which 15 fungal GH12 genes were cloned thanks to sequence similarity [8] . To the best of our knowledge, no biochemical characterization has been reported to date.
In this paper, we report the cloning of four genes from Fusarium graminearum that putatively belong to the GH12 family. The corresponding enzymes, FGSG_05851, FGSG_07892, FGSG_11037, and FGSG_16349 (formerly FG03029), were produced and characterized. They exhibit *Corresponding author Phone: +33(0)3 68 85 48 20; Fax: +33(0)3 90 24 46 83; E-mail: phalip@unistra.fr many differences in their specific activity, substrate specificity, product pattern, and kinetic parameters.
MATERIALS AND METHODS

Cloning
Fusarium graminearum strain F.gr9 [12] was isolated from diseased hops. Inoculation of a culture with 10 4 conidia on minimal medium [17] supplemented with birch cell wall as the sole carbon source (10 g/l) was prepared as previously described [20] . The cultures were grown at 25 o C in 75 cm 2 flasks containing 50 ml of medium. After 12 days of hyphal growth, the mycelia were recovered. RNA extractions and cDNA synthesis were performed as previously described [5] . PCR was performed under standard conditions with a high-fidelity polymerase (iProof, BioRad) and primers that were designed for the expression of an enzyme lacking its signal peptide (determined by the iPSORT algorithm, Table 1 ). Each cDNA was successfully amplified. The PCR products were digested with BsaI for FGSG_16349, FGSG_07892, and FGSG_11037 and with BsmBI for FGSG_05851. The expression vector pET30a (Novagen) was digested with NcoI and EcoRI, and the inserts were incorporated into the vector by ligation. E. coli Top10 (Invitrogen) cells were transformed with a ligation mixture. The inserts from the recombinant plasmids were verified by sequencing, and the plasmids were transformed into E. coli BL21 DE3 cells (Invitrogen) for protein expression.
Starter cultures were grown overnight in 2.5 ml of LB with 30 µg/ml kanamycin at 37 o C, 9,000 ×g), the supernatant was used to purify the recombinant protein by affinity chromatography on a HisTrap chelating column as described by the supplier (GE Healthcare). The protein was eluted with 20 mM phosphate buffer containing 500 mM NaCl and 500 mM imidazole at pH 7.4. The fractions (500 µl each) that contained pure proteins as determined by SDS-PAGE were pooled and dialyzed for 12 h at 4 o C against 20 mM phosphate buffer and 50 mM NaCl at pH 7.4 in GeBAflextube dialysis devices (GeBA).
Measurement of Enzyme Activity
The activities of the four enzymes were tested with the insoluble substrate AZCL-xyloglucan (Megazyme) and with soluble substrates: tamarind xyloglucan (Megazyme), potato starch, oat xylan, carboxymethylcellulose, lichenan from Cetraria islandica, and barley β-D-glucan (all from Sigma). The substrates were used at a final concentration of 0.5%, except for AZCL-xyloglucan (0.25%). Most of the enzymatic reactions were performed in 1 ml of 0.1 M phosphate buffer at pH 6. For AZCL-xyloglucan, the activity was monitored by measuring the absorbance at 595 nm. For the soluble substrates, samples (100 µl) were taken at different time points, and the reactions were stopped by boiling for 15 min. The amount of reducing sugars present was assayed using the 3,5-dinitrosalicylic acid method (3, [18] ); glucose was used as a reference for quantification. To test the influence of temperature on the enzyme activity, the substrate/buffer preparations were preincubated at the desired temperature for 15 min before the addition of the enzyme. After determination of the optimal temperature (in a range of 30-80 o C) and optimal pH (pH 4-7; pH 4 and 5 in acetate buffer, pH 6 and 7 in phosphate buffer), activity tests were performed at 50 o C and pH 6. Unless otherwise stated, 1.2 µg of enzyme was used for each determination.
To assess the kinetic parameters, measurements were performed at 50 o C in 1 ml of xyloglucan solution (0.8 to 16 mg/ml) in phosphate buffer at pH 6. Samples of 100 µl were taken at different time points, and the reaction was stopped by 15 min of boiling. The kinetic data were interpreted using Michaelis-Menten, LineweaverBurke, and Hill plots. Each enzymatic measurement was performed in triplicate.
Analysis of the Products
The products formed by the action of the four GH12 enzymes on xyloglucan were analyzed by PACE (Polysaccharide Analysis using Carbohydrate gel Electrophoresis). The experiments were performed as described in Carapito et al. [6] . To compensate for the differences in activities, the incubation times and enzymes quantities were as follows: 6 µg of FGSG_05851 (1 h), 24 µg of FGSG_07892 (18 h), 23 µg of FGSG_11037 (1 h), and 23 µg of FGSG_16349 (18 h) were added to 1 ml of 0.5% xyloglucan. When β-glucosidase from almonds (Sigma) was used, 60 U was added. In this case, the incubation lasted 6 h. When the Fusarium enzymatic arsenals were used (see the following section), the incubation period was also 6 h, and 23 µg of protein was used for each cocktail. After stopping the reaction, 100 µl of each sample was dried for 1 h using a vacuum evaporator (SpeedVac). The pellets were resuspended in 10 µl of 0.2 M 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS) and 10 µl of 1 M NaCNBH. The mixtures were incubated for 12 h at 37 o C and subsequently dried for 3 h (SpeedVac). The resulting pellets were suspended in a volume of 6 M urea and stored at -20 o C until use. The volume of urea that was used depended on the measured quantity of reducing sugars. For instance, 100 µl of urea was used for the highly active enzymes FGSG_05851 and β-glucosidase, whereas 25 µl of urea was used for the much less active FGSG_07892. 
